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Real-time in situ reflection high energy electron diffraction (RHEED) observations of
Fe3O4, γ-Fe2O3, and (Co,Fe)3O4 films on MgO(001) substrates grown by a conven-
tional planar magnetron sputtering was studied. The change in periodical intensity of
the specular reflection spot in the RHEED images of three different spinel ferrite
compounds grown by two different sputtering systems was examined. The oscil-
lation period was found to correspond to the 1/4 unit cell of each spinel ferrite,
similar to that observed in molecular beam epitaxy (MBE) and pulsed laser deposi-
tion (PLD) experiments. This suggests that the layer-by-layer growth of spinel ferrite
(001) films is general in most physical vapor deposition (PVD) processes. The sur-
faces of the films were as flat as the surface of the substrate, consistent with the
observed layer-by-layer growth process. The observed RHEED oscillation indicates
that even a conventional sputtering method can be used to control film thickness dur-
ing atomic layer depositions. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5012133
Among various physical vapor deposition (PVD) techniques, magnetron sputtering is prob-
ably the most conventional and has been widely used from laboratory fundamental research to
mass industrial production. The magnetron sputtering process for thin film growth possesses signifi-
cant advantages compared to other PVD techniques, such as high throughput rate, process stability,
reproducibility, and convenience for growing films of alloys and metals with high melting point.1
However, because sputtering is a relatively high-energy plasma assisted process, the film quality
may be much different or worse than that grown by other PVD processes such as molecular beam
epitaxy (MBE) and pulsed laser deposition (PLD). Nevertheless, previous reports on the epitaxial
film growth of tin-oxide2 and high-T c superconductors3–5 have suggested that layer-by-layer growth
can be realized even during conventional reactive sputtering processes. Unfortunately, because of
a lack of in situ precise control/monitoring technique of conventional magnetron sputtering, such
methods have not been considered suitable for growing films with well-controlled atomic scale
thickness.
To monitor both surface conditions and the crystal structure during the film growth process,
a reflection high energy electron diffraction (RHEED) measurement is one of the simplest in situ
techniques. In fact, RHEED is the most common monitoring technique for MBE and PLD sys-
tems. In situ RHEED observations have also been reported for particular sputtering methods such as
90-degree-off sputtering6 and ion-beam sputtering.7
The epitaxial growth process is classified into three modes; island growth (Volmer-Weber
mode), layer-by-layer growth (Frank-van der Merwe mode) and layer-plus-island growth (Stranski-
Krastanov mode). For the layer-by-layer film growth mode, the intensity of the specular spot reflection
in the RHEED images oscillates with a period corresponding to the growth time of the mono-
layer/molecular-layer thickness. Besides providing an understanding of the growth mode, real-time in
situ RHEED observation enables precise controls and/or monitoring of real-time determination of film
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thickness,8 composition,9 atomically flat surface/interface,10 superlattice structures,11 emergence of
misfit dislocations12 and so on.
Although conventional planar-type magnetron sputtering is widely employed in industries as
well as in laboratories, in situ RHEED experiments have not been carried out to our knowledge.
Unlike a 90-degree-off sputtering technique, the stray magnetic field that the e-beam experiences
in the RHEED system is symmetric even for a single cathode system. In addition, the design of
magnetron sputtering cathodes has been improved to concentrate the magnetic field closer to the
target surfaces enabling long-throw-sputtering,13 so that the stray field around the e-beam path can
be expected to be sufficiently weak. Nowadays e-guns for RHEED with a differential pumping
system is quite common. Therefore, real-time in situ RHEED monitoring during the sputtering pro-
cess can be realized and is expected to give details of the thin film growth process,14 similar to
the MBE and PLD cases. In this letter, we report that in situ RHEED intensity oscillations occur
during the film growth processes of Fe3O4 (001), γ-Fe2O3(001), and Co0.75Fe2.25O4(001)(CFO)
films grown on MgO(001) in a conventional planar rf-sputtering system. Our observation suggests
that layer-by-layer growth can be generally observed in PVD processes and is quite a common
phenomenon.
Three different spinel ferrite films Fe3O4, γ-Fe2O3, and CFO were grown by planar reactive
magnetron sputtering, introducing oxygen as a reactive gas with a metal or alloy target. The details
of the growth conditions can be found in Refs. 15 and 16. All the films were grown by rf magnetron
sputtering on a cleaved MgO(001) single crystal as the substrate. We examined two different sputtering
systems equipped with 2-inch cathodes. (001) and CFO(001) films were deposited by Eiko’s sputtering
system of ES-250MB. γ-Fe2O3(001) films were independently deposited by two systems of ULVAC’s
MPS-6000 and ES-250MB. Hereafter, we refer to samples with the name of the compound followed
with (U) or (E), depending on the sputtering system. For example, γ-Fe2O3(U) stands for a γ-Fe2O3
film grown by the ULVAC system.
Process temperature for all spinel ferrite films was kept at 300◦C and a typical distance between
the target and substrate was adjusted to be between 18 and 20 cm so that the RHEED image could
be most clearly obtained. For growing Fe3O4 and γ-Fe2O3 films, we used Fe target and for CFO,
we used CoFe(1:3) alloy target. Process pressure in the chamber was maintained at approximately
∼10-1 Pa. During sputtering deposition, RHEED images were recorded with the incident e-beam
parallel to the MgO[010] azimuth. The acceleration voltage of the e-beam was 30 kV and the
emission current was between 56-60 µA. It is to be noted that our RHEED devices had a differ-
ential pumping system. The RHEED images during deposition were recorded as moving images of
10 frames/second and the intensity change of the specular reflection of the RHEED image was inves-
tigated with respect to process time. After film growth, the film thickness D was determined by
X-ray reflectivity (XRR) with a conventional X-ray diffractometer and the surface condition was
measured with an atomic force microscope (AFM). The details of the equipment used are shown in
Table I.
RHEED images of (a) MgO(001) substrate, (b) γ-Fe2O3(001)(U), (c) Fe3O4(001)(E),
(d) γ-Fe2O3(001)(E), and (e) CFO(001)(E) are shown in Fig. 1. Clear streaks and Kikuchi lines
are observed in all images, suggesting that the films are epitaxially grown with sufficiently flat
surfaces and high crystallinities. RHEED images shown in Fig. 1(b)–(e) are similar to previously
reported RHEED patterns for spinel ferrite (001) films.15,17,18 Moreover, additional streaks can
TABLE I. Details of the equipment/devices.
Equipment/devices Supplier and Product Names/Specifications
Camera Basler acA640-750µm/CMOS(VGA), interface: USB3.0
Lens Basler Lens C125-0418-5M/focal length =4.0mm, iris = F1.8-22.0
PC CPU: Intel Core i5-6200U (2.3-2.8GHz), memory: 4GB
Sputtering system ULVAC MB03-1030/6 x 2-inch cathodes, rf and dc sputteringEiko ES-250MB/2-inch cathode, rf sputtering
RHHED gun R-DEC RDA-001GD with differential pumping system
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FIG. 1. RHEED images of (a) MgO(001) substrate, (b) γ-Fe2O3 deposited by ULVAC MPS-6000, (c) Fe3O4, (d) γ-Fe2O3,
and (e) CFO deposited by Eiko ES-250MB. Specular reflection spots of the electron beam are indicated by rectangular areas
shown by broken lines.
be seen in Fig. 1(b) of (001), suggesting the film of (001) has a reconstructed surface spinel
structure.18
In order to determine film thickness, we performed XRR experiments. Figure 2 shows the XRR
patterns of (a) γ-Fe2O3(U), (b) Fe3O4(E), (c) γ-Fe2O3(E), and (d) CFO(E). All films exhibit clear
oscillations in the XRR patterns. The film thickness D can be estimated from the XRR oscillation as
a function of scattering angle θ, through the relation 2Dsinθ = nλ. Here, λ indicates the wavelength
of the X-ray source and n is an integer. The determined film thickness of all the films are listed in
Table II.
The intensity change in the specular reflection spot of the RHEED image during deposition of
(a) γ-Fe2O3(U) and (b) Fe3O4(E), (c) γ-Fe2O3(E), (d) CFO(E) is shown in Fig. 3. No matter which
sputtering system was used, clear RHEED intensity oscillations are observed for all film growth
processes, suggesting that layer-by-layer growth occurs. In the case of γ-Fe2O3(U) film, for exam-
ple, the average period of intensity change was 27.9 sec. On the other hand, the growth rate can be
estimated from the total thickness D divided by the process time tP, which is D/tP = 0.0756 Å/sec.
FIG. 2. X-ray reflectivity patterns of (a) γ-Fe2O3 deposited by ULVAC MPS-6000, (b) Fe3O4, (c) γ-Fe2O3 and (d) CFO
deposited by Eiko ES-250MB.
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TABLE II. Oscillation periods and thicknesses of the grown thin films.
Lattice constant Process time Film thickness Period of oscillation Growth rate ¯TD/
Sample (bulk) a [Å] Refs. tP [sec] D [Å] T [sec] D/tP [Å/s] tp[Å]
γ-Fe2O3(U) 2.088 × 4 = 8.352 19 2400.0 181.4 27.9 0.0756 2.11
Fe3O4(E) 2.099 × 4 = 8.395 20 300.0 87.2 7.4 0.291 2.15
γ-Fe2O3(E) 2.088 × 4 = 8.352 19 2400.0 134.6 37.7 0.0561 2.11
CFO(E) 2.095 × 4 = 8.380 21 600.0 135.8 9.8 0.226 2.21
Therefore, the average period of intensity oscillation can be calculated to be 2.11 Å. This thickness
corresponds to the¼ unit cell of γ-Fe2O3 within experimental error. RHEED oscillations with thick-
ness corresponding to ¼ unit cell of spinel ferrite has been widely observed in MBE18 and PLD17
for Fe3O4(001) film growth. Note that the thickness of the ¼ unit cell of spinel ferrites accords to a
thickness of one molecular unit of spinel structure along [001] stacking. Moreover, the film growth
processes for other compounds of Fe3O4(E), γ-Fe2O3(E), and CFO(E) also exhibit clear RHEED
intensity oscillations with thickness corresponding to the ¼ unit cell of the lattice constant,19–21 as
summarized in Table II. Therefore, the growth mode of these spinel ferrite thin films by planar sput-
tering is the sequential layer-by-layer assembly similar to that by other PVD techniques such as PLD
and MBE.
AFM images of (a) and (b) MgO(001) substrate and (b) CFO(E) are shown in Fig. 4. Since the
MgO(001) substrate surface was cleaved, the terraced area is supposed to be atomically flat. In fact,
only two steps with the height less than 1 nm were found in the wide-area measurement of MgO(001)
as shown in Fig. 4(a). There was no significant change in the root mean square roughness (Rrms)
of the substrate (Rsubstrms = 6.38 × 10−2 nm)) and that of the film (RCFOrms = 6.98 × 10−2nm), consistent
with the observed layer-by-layer growth in the CFO(E) film. ’s of the other films are comparable
to RCFOrms .
Figure 5 exhibits the Fourier analysis of 2048 data points of the RHEED oscillation for the
Fe3O4(E) film. We used a fast Fourier transformation (FFT) package with Hamming window. One
can clearly see peaks at frequencies corresponding to the ¼ unit cell and its integers. As men-
tioned above, the oscillation period of the ¼ unit cell indicates a molecular layer of a spinel
structure stacked along the [001] direction. Although there is no peak at the frequency associ-
ated with the lattice constant, a clear peak at the frequency corresponding to the thickness of
FIG. 3. Temporal variations of specular spot intensity of the RHEED images of (a) γ-Fe2O3 deposited by ULVAC MPS-6000,
(b) Fe3O4, (c) γ-Fe2O3, and (d) CFO deposited by Eiko ES-250MB. Bottom axes are ticked with a unit of monolayer (ML),
while the top axes indicate in second.
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FIG. 4. AFM images of 10µm2 scan of (a) MgO(001) substrate and 0.5µm2 scans of (b) MgO(001) substrate and (c) CFO(001)
film.
the 5/2 unit cell is found only for Fe3O4(E) but not in the other ferrite films. This may suggest
the existence of some superstructure or reconstruction in the Fe3O4(001) films along the growth
direction.
In summary, we tested real-time in situ RHEED observation of the film growth processes
of Fe3O4, γ-Fe2O3, CFO on MgO(001) substrates by conventional planar magnetron sputtering.
We observed sharp streaks and clear Kikuchi lines in the RHEED pattern measured with a differen-
tial pumping system during the sputtering processes. The periodic intensity change of the specular
reflection spot of the RHEED images was confirmed and the average oscillation period corresponded
to the 1/4 unit cell of each spinel ferrite, identical to that observed in MBE and PLD experiments.
Our results suggest that layer-by-layer growth of spinel ferrite (001) films is general in most PVD
processes. The fact that the surface of the film is as flat as the surface of the substrate is consistent
with the layer-by-layer growth process. The observed RHEED intensity oscillation phenomena indi-
cate that atomically precise thickness control is possible even with a conventional planar sputtering
method.
This study was supported in part by the Japan Science and Technology Agents (JST) under
the collaborative research program, based on industrial demand, titled “High Performance Magnets:
towards innovative development of next generation magnets”, in part by the ImPACT Program of the
Council for Science, Technology and Innovation (Cabinet Office, Government of Japan) and in part
by JSPS KAKENHI under Grant JP15K13355 and 15H03966.
FIG. 5. FFT spectra of the specular spot intensity of the RHEED images of Fe3O4 (Fig. 2(b)). Diamonds indicate the
fundamental and the integral multiple frequencies corresponding to the inverse of the growth time for the 1/4 unit cell. Open
circle corresponds to the 5/2 unit cell.
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